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a b s t r a c t
Organochlorine compounds (OC) were determined in Arctic bivalves (Mya truncata, Serripes groenlan-
dicus, Hiatella arctica and Chlamys islandica) from Svalbard with regard to differences in geographic
location, species and variations related to their size and age. Higher chlorinated polychlorinated
biphenyls (PCB 101ePCB 194), chlordanes and a-hexachlorocyclohexane (a-HCH) were consistently
detected in the bivalves and PCBs dominated the OC load in the organisms. OC concentrations were
highest in Mya truncata and the lowest in Serripes groenlandicus. Species-speciﬁc OC levels were likely
related to differences in the species’ food source, as indicated by the d13C results, rather than size and age.
Higher OC concentrations were observed in bivalves from Kongsfjorden compared to the northern
sampling locations Liefdefjorden and Sjuøyane. The spatial differences might be related to different
water masses inﬂuencing Kongsfjorden (Atlantic) and the northern locations (Arctic), with differing
phytoplankton bloom situations.
 2011 Elsevier Ltd. All rights reserved.
1. Introduction
Environmental contaminants reﬂect the impact of human
activities on the environment, and assessments of these substances
provide the opportunity to evaluate the risk of currently or
formerly used substances. Organochlorine compounds (OC) such as
organochlorine pesticides (hexachlorocyclohexanes [HCH], chlor-
danes, dichlorodiphenyltrichloroethane [DDT]) and industrial
chemicals (hexachlorobenzene [HCB], polychlorinated biphenyls
[PCBs]) have been deﬁned as persistent organic pollutants (POPs)
by the Stockholm Convention on Persistent Organic Pollutants in
2001 (Program U.N.E., 2001). These ‘legacy POPs’ have subse-
quently been banned or restricted, although they still persist in the
environment and in marine biota due to their persistence against
biological and physical degradation processes and their bio-
accumulation in the adipose tissue of animals. Concentrations of
legacy POPs have been found to decline during the last decade in
the Arctic (Bustnes et al., 2010; Henriksen et al., 2001), but never-
theless continuous biomonitoring is important in order to under-
stand the degradation and fate of these OCs in the Arctic
environment (AMAP, 2004).
Several OC assessments have been conducted for Arctic biota
during the last decades with special emphasis on OC load in
organisms of higher trophic level and on the dynamics of OCs
within food webs due to biomagniﬁcations (AMAP, 1998, 2004).
Few studies have focused on benthic primary consumers exclu-
sively (Angot, 2009; Doidge et al., 1993; Fisk et al., 2003; Hop et al.,
2001; Kjolholt and Hansen, 1986; Tessmann, 2008), although they
do deﬁne the baseline OC levels inmarine foodwebs. Lower trophic
level organisms generally exhibit relatively low OC concentrations
(Borgå et al., 2001), which are mostly inﬂuenced by the OC
concentrations of sea water (dissolved fraction) and in their food
(e.g. phytoplankton), as well as by the rate of OC elimination from
their bodies. Several studies, however, have highlighted the
importance of biological factors (e.g. lipid content, habitat, feeding
strategy, trophic level and seasonality) for the OC dynamics in
zooplankton (Borgå et al., 2004; Hallanger et al., 2011a, 2011b;
Hargrave et al., 2000) and benthic invertebrates (Fisk et al.,
2003). In Arctic bivalves from the Canadian and European Arctic,
the OC load is predominated by PCBs, though other legacy POPs are
also present (Doidge et al., 1993; Fisk et al., 2003; Rabieh et al.,
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2008; Tessmann, 2008). Activemilitary sites have been identiﬁed as
point sources for PCBs in bottom-dwelling organisms in the Cana-
dian Arctic (Bright et al., 1995; Kuzyk et al., 2005). In Svalbard, town
settlements such as Barentsburg have also been indicated as PCB
point sources for the macro-benthos (Evenset and Christensen,
2009; Hop et al., 2001), whereas the main source of PCBs is
attributed to long-range transport (Wania and Mackay, 1993).
Pronounced changes in sea ice cover, ocean currents, and
atmospheric circulation are predicted for the Arctic (IPCC, 2007).
These changes may affect the long-range transport of contaminants
as well as the balance between deposition and release of OCs from
Arctic waters and sediments (Macdonald et al., 2003). The present
study was part of the COPOL (Contaminants in Polar Regions)
project, which aimed to understand howchanges in the OC patterns
of Arctic animals could be attributed to different water masses (i.e.
Atlantic and Arctic) inﬂuencing the Arctic marine ecosystem. The
Svalbard archipelago is typical in this respect, as it is affected byboth
the warm, saline West Spitsbergen Current (WSC) and the cold,
relatively fresh East Spitsbergen Current (ESC) (Svendsen et al.,
2002). Kongsfjorden (north-west coast of Svalbard) is strongly
inﬂuenced by both the warm Atlantic and cold Arctic water inﬂux
into the fjord (Hop et al., 2002), whereas the north coast of Svalbard
(i.e. Liefdefjorden and Sjuøyane) is exposed to Arctic water masses
predominantly. Our study analyzed organochlorine levels in four
bivalve species from Kongsfjorden (Atlantic inﬂuence) and Liefdef-
jorden (Arctic inﬂuence). Additionally, Sjuøyanewas included in the
analysis as a site representing ’truly’ Arctic conditions. Our main
objective was to examine whether organochlorine concentrations
in bivalves depend on the geographical location, species, food
source, tropic position or size and age.
2. Materials and methods
2.1. Sampling
Bivalve samples of Mya truncata, Serripes groenlandicus, Hiatella arctica and
Chlamys islandica were collected by SCUBA divers in July 2009 in Svalbard. The
sampling effort was focused on: Kongsfjorden-Forlandsundet (hereafter Kongsfjor-
den; 78 54.20 N, 11 04.80 E), Liefdefjorden (79 390 N,13 27.10 E) and Sjuøyane (80
380N, 20 47.90 E) (Fig. 1). The bivalve samples were taken from 13 sites within diving
depths in Kongsfjorden (9.4e32.9 m), Liefdefjorden (14e34.5 m) and Sjuøyane
(14.3e14.7 m). In Sjuøyane, only M. truncata was found. All animals were wrapped
separately in aluminium foil, put in zip-lock bags and frozen at80 C until analyses.
Shell length (SL) of each individual was measured with a digital calliper
(0.1 mm) and used to determine size-ranges for each species and location. From
these size-ranges, subsets of animals representing the whole size-spectrum were
selected for further analysis. The bivalve tissue was removed and homogenized with
a blender. In the case of small-sized specimens (particularly H. arctica), the tissue of
several individuals with similar SL had to be pooled in order to obtain sufﬁcient
tissue biomass for all analyses.
Oceanographic observations, carried out at the time of sampling, indicated the
dominance of Atlantic water (temperature, T > 3 C) in Kongsfjorden and the
adjacent continental shelf. In Liefdefjorden, Atlantic Water occupied the middle
layer of the water column, while Arctic-typewater was detected in the bottom layer.
Accordingly, Liefdefjorden (T¼ 1e3 C) was less inﬂuenced by Atlantic watermasses
than Kongsfjorden. Polar surface water (T < 0 C), which is formed through inter-
action between Atlantic Water and melting sea ice (Rudels et al., 2000), dominated
the Sjuøyane site. Furthermore, during winter 2008e2009 Kongsfjorden was
covered by sea ice rather brieﬂy, while Liefdefjorden remained ice covered until the
middle of July, just 2.5 weeks before our sampling.
2.2. Analysis of stable isotopes
Representative samples of the four bivalve species from the three locations were
selected for analysis of stable isotope ratios (d13C and d15N) at the Institute for
Energy Technology (IFE) in Kjeller, Norway. Approximately 0.5 g (wet weight [ww])
of the homogenized bivalve tissue was dried at 60e70 C for 48 h and then crushed
to powder with mortar and ceramic pestle. Further processing was performed
according to Søreide et al. (2006b). The samples were combusted in a Eurovector (EA
3028) element analyzer and quantiﬁed with a Nu-Horizon, Isotope Ratio Mass
Spectrometer fromNu-Instruments. Quality accuracy of the analyses was ensured by
replicate analyses of internal standards (IFE trout) and international standards
(IAEA-N-1, IAEA-N-2 for d15N and USGS-24 for d13C). Replicate measurements of IFE
trout were generally run for every 10-samples, indicating measurement errors
of0.12& and0.07& for d15N and d13C, respectively. The isotopic fractions for d15N
and d13C were deﬁned against atmospheric nitrogen and Vienna Peedee Belemnite,
respectively. Values for d13C, d15N and trophic levels were calculated according to
Renaud et al. (2011).
2.3. Age determination
The age ofM. truncata and H. arcticawas inferred from the annual growth band
pattern visible in the chondrophore and the hinge plate after preparation. One valve
was embedded in epoxy resin and cross-sectioned with a low speed diamond saw
through the umbo and along the line of maximum shell growth. The cross-section
was polished with a grinder-polisher and subsequently etched with the caustic
Mutvei’s solution (Schöne et al., 2005). The age of S. groenlandicuswas inferred from
the external growth bands on the shell, which have been veriﬁed as annual growth
checks (Ambrose et al., 2006). In C. islandica, the ring structure of the shell ligament
was used for age determination (Johannessen, 1973). The age determination was
performed by an experienced technician at the laboratory ofW. G. Ambrose Jr., Bates
College, Lewiston, Maine (USA).
The relationship between bivalve size (SL) and age (years) was modelled by the
von Bertalanffy growth function (von Bertalanffy, 1957):
St ¼ SN$

1 e^ð  k$ðt  t0ÞÞ

where SN ¼ maximum, asymptotic size, k ¼ growth constant, t ¼ age, and t0 ¼ age
when size, S ¼ 0. The model was ﬁtted to the size-at-age data by means of
a nonlinear iterative ﬁtting routine implemented in Microsoft Excel (Brey, 2001).
2.4. Organochlorine analysis
Analysis of OCs was carried out at the Norwegian Institute for Air Research
(Tromsø, Norway). The bivalve samples were extracted and analyzed for poly-
chlorinated biphenyls (PCBs) and organochlorine pesticides, according to Herzke
et al. (2009), but with some modiﬁcations: the homogenized bivalve material was
extracted with a cyclohexane-acetone solvent mixture (3:1) and only two puriﬁ-
cation methods were applied successively; Gel Permeation Chromatography (GPC)
system and a clean-up on ﬂorisil-columns. An additional GPC step was necessary in
order to purify the extracts from a thermoplastic elastomer (TPE)-polymer (see
Supplementary data for details). The percentage of extractable organicmatter (EOM)
in the samples was determined gravimetrically (% EOM) in an aliquot from the
original extract right after the cold-column extraction. The proportion of EOM in the
analytical sample is hereafter presented as the lipid content of the samples, as has
been done in other studies (Fisk et al., 2003; Hallanger et al., 2011a).
Fig. 1. Sampling locations in north-west Svalbard. Black dots indicate the dive loca-
tions in Kongsfjorden, Liefdefjorden and Sjuøyane, 2009 (source: Anders Skoglund,
NPI).
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Instrumental analysis was carried out on an Agilent 7890A gas chromatograph
(GC) with autosampler, coupled to a 5975 C mass spectrometer (both Agilent Tech-
nologies)withheliumas carrier gas. The injectorwas run in splitlessmode (T¼250 C)
with 1 ml injection volume. Temperature programmed chromatographic separation
was performed on a DB-5 MS column (30 m  0.25 mm  0.25 mm, Agilent Tech-
nologies). The GC-program included: 70 C (3 min), 15 C min1 to 180 C, 5 C min1
to 280 C, 30 C min1 to 320 C and held for 5 min. Temperatures of transferline, ion
source and quadrupole were set to 300 C, 160 C and 150 C, respectively. Negative
chemical ionization with methane as reaction gas was applied for monitoring of ions
in selected ionmonitoring mode. Final quantiﬁcation of the results was performed by
the internal standard method together with a one-point calibration.
Quality assurance of the analyses was performed by including laboratory blanks
and two certiﬁed standard references materials used in sequence (PCBs and pesti-
cides: SRM 1588b cod liver oil and SRM 1945 in whale blubber, both from The
National Institute of Standards and Technology, Gaithersburg, USA). Limit of
detection (LOD) was deﬁned as 3  signal noise for the analyzed matrix or blank
value. The LODs ranged from 0.05 ng g1 to 47.7 ng g1 lipid weight (lw), depending
on the analyte extracted. Due to blank contamination, the LOD for HCBwas relatively
high (47.7 ng g1 lw) compared to previous analyses (Angot, 2009).
2.5. Data processing
Total OC concentration in the bivalves was summarized (
P
) in the groupsP
CHLOR and
P
PCB, which were represented by the mean concentration of all
compounds included, whereas HCB and a-HCH represent single OC groups.P
CHLOR consists of oxy-, cis-, and trans-chlordane, trans-, and cis-nonachlor and
heptachlorepoxide, whereas
P
PCB includes all higher chlorinated PCB congeners
analyzed (PCB 101e194). Certain OCs (Mirex, heptachlor, b-HCH, PCB 99, PCB 123,
PCB 189) were detected in <20% of all samples in each species and not considered
here. OCs found in >20% of all samples in at least one species were included in the
data set for the respective species (HCB, heptachlorepoxide, PCB 101, PCB 183). The
reference point of 20% is based on previous studies of OCs in organisms of lower
trophic levels (Hallanger et al., 2011b,c).
Principal component analysis (PCA, CANOCO for Windows) was used to assess
the covariation in OC concentrations among samples, and to investigate the effect of
explanatory variables (species, size, age, location) on the observed OC pattern. Data
from Sjuøyane and those referring to the compounds HCB, PCB 101 and hepta-
chlorepoxide were excluded from PCA because they did not include all four bivalve
species. The explanatory variables were included as passive variables in the analysis
and did not inﬂuence the sample distribution in the ordination space. Prior to
statistical analysis, a generalized linear model (GLM) with binomial error distribu-
tion was used in order to evaluate if it was appropriate to exclude the samples with
OC concentrations < LOD (non-detects) from statistical analyses. The model deter-
mined whether the probability of OC levels being above the LOD varied signiﬁcantly
among the bivalve species and locations. Furthermore, the OC concentrations were
loge transformed in order to obtain constant variances and normal distributions of
the residuals (assessed by diagnostic plots, such as quantileequantile plot and
ShapiroeWilk’s W test). Patterns detected in the PCA-plot were tested for signiﬁ-
cance by two-way analysis of variance (ANOVA; site  species) and subsequent post
hoc test on differences between means (Tukey’s honestly signiﬁcant difference
[HSD] with signiﬁcance level p < 0.05). The PCA-plot indicated no correlation
between size (age) and OC levels, so linear regressionwas used in order to assess the
relationship between these factors.
3. Results
3.1. OC pattern in four arctic bivalves
The mean OC concentrations ranged from 0.1 to 79.0 ng g1 lw
for all bivalves and locations (Table 3). Concentrations are lipid
normalized due to signiﬁcant EOM differences among the four
species (ANOVA: F3.79 ¼ 25.27, p < 0.001), with signiﬁcantly lower
values in M. truncata (Table 3).
Probability of OC levels to be above the LOD did not differ among
species (for
P





HCH), thus justifying the exclusion of non-detects from statistical
analysis. A signiﬁcant difference, however, was found for
P
PCB
among species (c32¼ 13.257, p¼ 0.004) due to the higher amount of
non-detects in S. groenlandicus compared to C. islandica (z ¼ 2.13,
df ¼ 79, p ¼ 0.034), while all other bivalve species pairs did not
differ signiﬁcantly. This was in accordance with consistently lower
OC levels found in S. groenlandicus compared to the other species.
Speciﬁc groups showed a distinct pattern of relative share in
total
P
OC concentration (Fig. 4).
P
PCB was the predominant OC
group, accounting for 70e82% of the total
P
OC (Table 3). HCB was
only detected in M. truncata from Kongsfjorden, where it showed
the highest concentration of all OCs analyzed (mean 61.08  1.33
[SD] ng g1 lw). Of all PCB congeners analyzed, PCB 118 and PCB 138
had the highest concentrations (mean 14.9  9.6 [SD] ng g1 lw;
14.2  8.2 ng g1 lw, respectively) and accounted for 45% ofPPCB
(23% and 22%, respectively).
P
CHLOR constituted 13e21% of theP
OC concentration in the bivalves, and cis-nonachlor was the
predominant compound observed in this OC group accounting for
46% of
P
CHLOR. The isomer a-HCH represented 5e9% of
P
OC in
the bivalves (Fig. 4).
The inﬂuence of species, location, size and age on the OC pattern
in bivalves was explored visually by plotting Principle Component
(PC) 1 and 2, which respectively explained 63.3% and 11.3% of the
variation in OC concentration among the samples (Fig. 5). Samples
with highest concentrations were distributed most negatively (i.e.
towards the left) along the PC1 axis and samples with lowest
concentrations segregated most positively along PC1, showing that
PC1 separated the samples based on their OC concentrations. The
different distribution of the four bivalve species along PC1 and PC2
and the two locations along PC1 in the PCA-plot indicates that these
variables can explain the OC pattern found. This was not the case
for the variable size, co-occurring with the largest species





CHLOR levels did not change signiﬁcantly neither
with bivalve size nor age. Although signiﬁcant relationships were
found between the a-HCH levels and the variables size and age
(r2 ¼ 0.13, p < 0.01; r2 ¼ 0.11, p < 0.01, respectively), scatter plots
revealed that only the variability of a-HCH changed (decreased and
increased, respectively) with increasing size and age. Finally, two-
way ANOVA showed no interaction between the variable species
and location for all OC groups (in all cases p > 0.20), indicating that
it is appropriate to assess the inﬂuence of these factors separately
on the OC pattern.
Mean total concentration of all detected compounds (
P
OC)
varied among the four species sampled in Kongsfjorden and Lief-
defjorden. The highest
P
OC concentration was detected in
M. truncata (117.0 77.5 ng g1 lw) and the lowest in S. groenlandicus
(53.0 44.3 ng g1 lw), whereasH. arctica and C. islandica exhibited
similar, intermediate
P
OC levels (74.9  35.7 and 73.6  29.0
ng g1 lw, respectively). Levels of
P
CHLOR and a-HCH differed
signiﬁcantly among the species (ANOVA: F3.79 ¼ 16.298, p < 0.001;
F3.57 ¼ 56.930, p < 0.001, respectively, Fig. 6).
P
CHLOR concentra-
tions were signiﬁcantly lower in S. groenlandicus compared to the
other species (Tukey HSD: in all cases p < 0.001). Mya truncata and
H. arctica had signiﬁcantly higher a-HCH levels compared to the
other bivalves (Tukey HSD: in all cases p < 0.001), whereas the a-
HCH level was signiﬁcantly higher in M. truncata than in H. arctica
(Tukey HSD: p ¼ 0.006).
Different OC levels were found in the same bivalve species
between Kongsfjorden and Liefdefjorden (Fig. 6).
P
PCB was
signiﬁcantly (ANOVA: F1.70 ¼ 4.417, p ¼ 0.039) higher in Kongsf-
jorden (66.8  42.9 ng g1 lw) than in Liefdefjorden (51.6  39.9
ng g1 lw), as was
P
CHLOR (ANOVA: F1.79 ¼ 9.136, p ¼ 0.003),
(16.2  7.7 ng g1 lw versus 12.7  5.9 ng g1 lw). Since only
M. truncatawas collected from Sjuøyane, no statistical comparison
was done with this location.
3.2. Size and age
The bivalve sizes included in our study did represent the size-
spectrum of the four bivalves, that could be retrieved by divers in
the sampling areas (Table 2). The size was used as indicator for
bivalve age. This assumption was conﬁrmed for M. truncata
(r2 ¼ 0.61, p < 0.05), S. groenlandicus (r2 ¼ 0.88, p < 0.05) and
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C. islandica (r2 ¼ 0.66, p < 0.05) (Bertalanffy growth model; Fig. 3).
In H. arctica, however, size was not signiﬁcantly related to age
(r2 ¼ 0.01, Fig. 3). Therefore, the a priori pooling of H. arctica
specimens with similar SL in one analytical sample caused these
samples to represent a very wide age-range (8e34 years). Accord-
ingly, mean age per sample of H. arctica was not used in the
multivariate analyses.
3.3. Stable isotopes
The d15N-values differed signiﬁcantly among the four bivalve
species (ANOVA: F3.31 ¼ 14.298, p < 0.001); d15N was signiﬁcantly
higher in C. islandica than in the other species (Tukey HSD: in all
cases p < 0.002) (Table 1; Fig. 2). Across all species, there was no
signiﬁcant correlation between d15N and OC levels (linear regres-
sions: 0.65 < p < 0.76). The d13C-values also showed signiﬁcant
differences among species (ANOVA: F3.31 ¼ 16.609, p < 0.001)
(Table 1),with signiﬁcantly higher values inM. truncata (TukeyHSD:
in all cases p < 0.01). Furthermore, d13C-values in bivalves from
Kongsfjorden (20.5& 0.15&) were signiﬁcantly higher (ANOVA:
F1.31 ¼10.845, p ¼ 0.002), than in Liefdefjorden (21.2&  0.24&).
No signiﬁcant correlation between d13C and OC levels was detected
in the four species for
P
PCB (linear regressions: 0.08< p< 0.8) and
a-HCH (0.19 < p < 0.63). Signiﬁcant correlations were found forP
CHLOR (r2 ¼ 0.48, p ¼ 0.03 [M. truncata]; r2 ¼ 0.70, p ¼ 0.04
[H. arctica]), although scatter plots revealed that the variability ofP
CHLOR decreased with increasing d13C.
4. Discussion
4.1. OC patterns in Arctic bivalves
All organochlorine compounds (OC) were found in relatively
low concentrations in the four Arctic bivalve species and in the
range expected for marine organisms of lower trophic levels in the
Arctic (Angot, 2009; Borgå et al., 2001; Fisk et al., 2003; Hop et al.,
2001; Tessmann, 2008). Their OC load was dominated by
P
PCB in







CHLOR > a-HCH), conﬁrming previous
results for Arctic bivalves (Angot, 2009; Fisk et al., 2003; Rabieh
et al., 2008; Tessmann, 2008). Both less and more hydrophobic
OCs (e.g. a-HCH and PCBs, respectively), were detected in the
bivalves, which shows that partitioning from both sea water and
dietary intake of suspended particulate organic matter (POM)
determines their OC levels. a-HCH (log KOW 3.81) has been recor-
ded as dominant compound in sea water from Kongsfjorden and
Liefdefjorden (20.2 pg L1; Hallanger et al., 2011c). This OC pattern
was conﬁrmed by analysis of sea water from the same locations in
2009 (COPOL project, unpubl. data). Accordingly, we assume that a-
HCH is preferentially absorbed from sea water by the bivalves
instead of being taken up through their food. In contrast, the uptake
of more hydrophobic OCs, such as
P
PCB (log KOW 6.2e7.0), is likely
food associated (Russell et al., 1999).
P
PCB was detected with up to
three times higher concentrations compared to a-HCH in sus-
pended POM collected from Kongsfjorden and Liefdefjorden in
2009 (COPOL project, unpubl. data). Tanabe and Tatsukawa (1983)
observed a more rapid vertical transport of PCBs to the sea ﬂoor
with sinking particles due to the preferential absorption of PCBs on
suspended POM. This implies a greater export of more hydrophobic
OCs to the benthic ecosystem and could explain the dominance ofP
PCB in the bivalves. Furthermore, the high HCB concentration
(51.1e79.0 ng g1 lw) detected only in M. truncata from Kongsf-
jorden contradicts previous studies (Angot, 2009; Tessmann, 2008),
which have reported ﬁve times lower concentration of HCB in other
bivalve species and locations in Svalbard. There is no apparent
explanation for this variability in HCB levels. HCB was a dominant
compound both in sea water and POM from Svalbard in 2008
(5.2 pg L1 and 0.22 pg L1, respectively, Hallanger et al., 2011c) and
2009 (COPOL project, unpubl. data).







78.1 ng g1 lw;
P
CHLOR: 17.6 ng g1 lw) than Fisk et al. (2003) for
M. truncata from the North American Arctic (
P
PCB: 520 ng g1 lw;P
CHLOR: 62.7 ng g1 lw). Fisk et al. (2003) included more lower
chlorinated PCBs in
P
PCB, which accounted for 32% of the whole
Table 2
Mean (SD) and range of shell length (mm) for the four bivalves at locations in
Svalbard presented together with the number of samples (n) for the species and
locations.
Taxa Location n Shell length (SL)
Mean  SD Range
Mya truncata Kongsfjorden 11 28.6  9.5 12.3e44.8
Liefdefjorden 10 33.0  8.2 19.4e44.8
Sjuøyane 5 16.9  4.7 10.4e28.4
All locations 26 25.9  10.5 10.4e44.8
Serripes groenlandicus Kongsfjorden 12 21.5  3.6 15.4e64.4
Liefdefjorden 11 32.3  15.4 17.1e66.6
All locations 23 27.8  12.9 15.4e66.6
Hiatella arctica Kongsfjorden 9 17.1  2.7 9.3e21.9
Liefdefjorden 6 15.1  2.8 9.4e19.9
All locations 15 16.2  2.9 9.3e21.9
Chlamys islandica Kongsfjorden 12 70.4  23.9 49.7e96.7
Liefdefjorden 13 62.6  13.6 42.3e88.1
All locations 25 66.0  15.0 42.3e96.7
Table 1
Stable isotopes (d13C, d15N) in samples (n) of four bivalve species from Svalbard shown as mean  SE (&). Trophic levels (TL) are calculated by TL ¼ (d15Nconsumer e d15NPOM/
3.4) þ 1.
Taxa Location n d13C d15N
Mean  SD Range Mean  SD Range TL
Mya truncata Kongsfjorden 5 19.8  0.4 (20.4)e(19.4) 6.8  0.5 6.2e7.5 2.0
Liefdefjorden 5 19.9  0.9 (21.0)e(19.1) 6.6  0.2 6.3e6.8 1.9
Sjuøyane 4 20.1  0.4 (20.6)e(19.8) 7.1  0.4 6.6e7.6 2.1
All locations 14 20.0  0.6 (21.0)e(19.1) 6.8  0.4 6.2e7.6 2.0
Serripes groenlandica Kongsfjorden 5 20.8  0.5 (-21.5)e(20.4) 6.9  0.3 6.4e7.3 2.0
Liefdefjorden 5 21.5  0.8 (22.2)e(20.2) 6.7  0.6 6.1e7.5 1.9
All locations 10 21.2  0.7 (22.2)e(20.4) 6.8  0.5 6.1e7.5 2.0
Hiatella arctica Kongsfjorden 3 20.3  0.4 (20.7)e(19.9) 6.9  0.4 6.4e7.2 2.0
Liefdefjorden 3 21.3  0.3 (21.7)e(21.2) 7.0  0.3 6.7e7.2 2.0
All locations 6 20.8  0.7 (21.7)e(19.9) 6.9  0.3 6.4e7.2 2.0
Chlamys islandica Kongsfjorden 5 21.1  0.2 (21.5)e(20.9) 8.1  0.3 7.6e8.3 2.3
Liefdefjorden 5 22.0  0.2 (22.2)e(21.7) 7.5  0.4 6.8e8.0 2.2
All locations 10 21.6  0.5 (22.2)e(20.9) 7.8  0.5 7.6e8.3 2.3
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P
PCB levels. This percentage is estimated based on the PCB pattern
observed before in M. truncata from Svalbard (Hop et al., 2001). A
recent comparison of circumpolar OC data also showed higherP
PCB in amphipods from the North American compared to the
European Arctic (Borgå et al., 2005). Fisk et al. (2003) suggested
that elevated PCB levels might be due to local input from point
sources in the North American Arctic. In Kongsfjorden, the contri-
bution of local point sources on PCB concentration in macro-
benthos has been shown to be minimal or non-existent (Hop
et al., 2001). The ﬁndings of similar
P
CHLOR levels in amphipods
from the European and North American Arctic (Borgå et al., 2005),
however, are contradictive to the spatial pattern found between the
study of Fisk et al. (2003) and our results. The trend of lowerP
CHLOR levels in bivalves from the European than the North
American Arctic (Fisk et al., 2003) has been conﬁrmed by other
studies done in Svalbard (Angot, 2009; Tessmann, 2008).
4.2. OC differences among species
The highest OC concentration was consistently found in
M. truncata, which is contrary to a previous study (Angot, 2009)
that included some of the same bivalve species from Kongsfjorden
and Liefdefjorden. Serripes groenlandicus, however, had the lowest
OC levels in both studies. The uptake of contaminants in suspension
feeding bivalves occurs both by direct partitioning of dissolved OCs
from sea water into the adipose tissue as well as through food
intake of suspended POM from the ambient environment (Walker
et al., 1996). Accordingly, different OC levels among the bivalves
might be related to their habitat, potentially with a higher quantity
of food-associated OCs for epifaunal bivalves inhabiting high-
current habitats. In soft-bottom habitats, bivalves might be more
exposed to OCs through the uptake of resuspended material and
sediment, whereas the latter is a known sink for OCs such as PCB
(Morrison et al., 1996). Accordingly, resuspended sediment might
be an important OC source especially for soft-bottom-dwelling
bivalves such as M. truncata and S. groenlandicus. Although
H. arctica and C. islandica can also inhabit soft-bottom habitats, the
specimens included in our study were collected from hard-bottom
habitats. Since no distinct trend was found for the bivalve species
collected either from soft-bottom or hard-bottom habitats in
Svalbard, their habitat preferences could not explain the observed
species-speciﬁc OC levels.
Table 3




PCB) detected in four bivalve species from Svalbard are presented as mean concentration  SD and
range (concentrations in ng g1 lipidweight). EOM¼ extractable organic matter. The total number of samples analyzed for the species is present in brackets in the header of the
table whereas the number of samples detected above the limit of detection is shown in columns (n). OCs not detected (n.d.) are indicated for the bivalve species.
OC Mya truncata (n ¼ 26)
EOM ¼ 1.04  0.12%
Serripes groenlandicus (n ¼ 23)
EOM ¼ 1.13  0.34%
Hiatella arctica (n ¼ 15)
EOM ¼ 1.34  0.24%
Chlamys islandica (n ¼ 25)
(EOM ¼ 1.30  0.39%)
n Mean  SD Range n Mean  SD Range n Mean  SD Range n Mean  SD Range
HCB 6 61.08  1.33 51.10e79.00 0 n.d. n.d. 0 n.d. n.d. 0 n.d. n.d.
a-HCH 20 9.22  3.71 5.75e20.73 17 3.85  0.82 1.93e5.31 14 7.20  1.41 4.05e9.38 16 3.80 ± 0.56 2.49e4.64
oxy-chlordane 11 4.47  3.51 2.24e14.25 0 n.d. n.d. 9 1.59  0.22 1.23e1.80 19 1.53  0.35 1.12e2.26
trans-chlordane 22 2.54  1.33 0.92e4.74 20 1.19  0.3 0.61e1.82 15 3.03  0.56 2.21e3.98 14 1.30  0.54 0.66e2.25
cis-chlordane 23 2.29  0.93 1.17e5.21 19 0.66  0.18 0.32e1.10 14 2.70  0.43 2.01e3.56 23 1.89  0.25 1.46e2.28
trans-nonachlor 24 2.31  0.84 1.10e4.56 23 2.01  0.4 1.40e3.32 15 3.43  0.38 2.91e4.16 25 3.19  0.58 1.73e3.99
cis-nonachlor 26 9.44  6.77 2.94e27.09 23 5.8  3.75 2.52e14.92 15 6.60  5.40 2.75e22.44 25 6.37  3.38 2.96e18.77
heptachlorepoxide 0 n.d. n.d. 0 n.d. n.d. 0 n.d. n.d. 8 2.84  0.41 2.40e3.46P
CHLOR 26 17.64  8.83 8.76e39.19 23 9.39  4.03 6.14e20.09 15 16.53  6.54 10.94e34.54 25 14.04  3.91 8.37e26.49
PCB 101 0 n.d. n.d. 0 n.d. n.d. 5 4.70  1.51 3.17e6.45 13 6.19  2.41 4.16e13.49
PCB 105 26 12.07  8.34 3.58e25.37 16 8.98  5.65 3.90e15.03 14 8.02  4.29 3.37e13.65 24 7.99  3.74 3.86e16.64
PCB 118 26 18.52  12.56 6.08e40.51 16 14.19  9.00 5.84e36.75 14 12.73  7.21 5.39e32.16 24 12.67  6.38 4.78e25.00
PCB 128 26 4.58  2.96 1.40e9.99 16 3.39  1.98 1.48e8.67 14 3.14  1.64 1.28e7.38 24 3.27  1.67 1.45e7.35
PCB 138 26 17.04  10.59 6.33e38.46 16 12.50  7.11 5.84e31.53 14 11.74  5.69 5.39e27.56 24 13.3  6.23 6.65e34.32
PCB 141 25 1.61  0.95 0.62e3.53 16 1.13  0.67 0.48e2.68 14 1.10  0.53 0.55e2.53 24 1.09  0.55 0.54e2.81
PCB 149 16 5.99  3.32 2.38e11.99 14 4.77  2.68 2.01e10.72 13 5.03  2.52 2.61e12.12 21 4.59  1.42 1.58e7.74
PCB 153 26 9.67  5.98 3.70e20.77 16 6.96  3.65 3.64e16.14 14 6.77  2.76 4.17e14.64 24 7.62  2.86 3.99e15.92
PCB 156 26 2.66  1.67 0.90e5.43 16 1.95  1.17 0.89e5.22 13 1.77  0.87 0.95e3.94 23 1.79  0.87 0.76e4.13
PCB 157 26 1.05  0.68 0.32e2.20 16 0.88  0.53 0.33e1.98 14 0.81  0.71 0.27e2.96 24 0.71  0.4 0.28e1.59
PCB 167 23 0.80  0.5 0.28e1.54 16 0.55  0.30 0.29e1.37 14 0.51  0.25 0.27e1.18 23 0.54  0.24 0.26e1.17
PCB 170 22 2.14  1.02 0.96e3.82 12 1.60  0.72 0.94e3.26 8 1.40  0.42 0.97e2.29 18 1.44  0.58 0.94e3.11
PCB 180 20 4.23  1.74 2.28e6.90 8 3.39  0.79 2.42e4.81 4 2.83  0.89 2.23e4.14 10 3.04  1.12 2.19e5.92
PCB 183 7 0.84  0.18 0.50e1.04 0 n.d. n.d. 0 n.d. n.d. 6 0.60  0.13 0.49e0.65
PCB 187 25 1.11  0.56 0.52e2.33 15 0.74  0.27 0.47e1.38 14 0.85  0.26 0.46e1.47 24 0.92  0.32 0.46e1.47
PCB 194 25 0.42  0.28 0.11e1.13 16 0.25  0.11 0.10e0.48 9 0.16  0.05 0.10e0.24 17 0.19  0.10 0.12e0.54P
PCB 26 78.14  50.7 27.02e171.61 16 58.55  35.4 25.57e147.97 14 55.36  27.73 28.19e131.58 25 59.47  25.93 27.04e124.61
Fig. 2. Stable isotopes d13C and d15N (&) values (mean  SE) for Mya truncata (rect-
angle), Serripes groenlandicus (diamond), Hiatella arctica (triangle) and Chlamys
islandica (circle) from Kongsfjorden (black), Liefdefjorden (white) and Sjuøyane (light-
grey). Lower d13C-values may indicate ice-associated or deposited POM, whereas
higher d13C-values show food associated with settling, pelagic phytoplankton (Lovvorn
et al., 2005; Søreide et al., 2006a).
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Stable isotope analyses revealed differences in the carbon
assimilation (d13C) among the bivalves, showing signiﬁcantly
higher d13C-values in M. truncata. Bivalves feed on particulate
organic matter (POM) from the surrounding environment and
difference in d13C among the species may be related either to
a difference in the POM type or fate. The main food source for
bivalves, ice algae and phytoplankton, exhibit different d13C-values
with higher d13C in ice algae ([20&]e[19&]) than phyto-
plankton ([24]e[23.8&]; Søreide et al., 2006a), which is re-
ﬂected in the isotopic values of the bivalves (McMahon et al., 2006).
During the year of sampling, Kongsfjorden had very limited sea ice
coverage, whereas the sea ice in Liefdefjorden retreated just 2.5
weeks before the sampling of bivalves. Accordingly, ice algae were
an unlikely food source for the bivalves in Kongsfjorden. Higher
d13C-values were observed in bivalves fromKongsfjorden (20.5&)
than Liefdefjorden (21.2&), showing that potential differences in
the food type (e.g. dominance of ice algae in Liefdefjorden) cannot
be seen in the d13C results of the present study. The d13C-values are,
however, in the range expected for phytoplankton ([22.0]e
[19.8]) (McMahon et al., 2006; Søreide et al., 2006a), revealing
phytoplankton as main food source for the bivalves. Furthermore,
d13C of POM have been shown to change due to degradation
processes such as grazing on settling POM (Tamelander et al.,
2006b) or bacterial degradation of deposited POM when it rea-
ches the sea ﬂoor (Lehmann et al., 2002; Lovvorn et al., 2005).
Accordingly, species-speciﬁc d13C-values in the bivalves might be
related to a different supply of settling and resuspended POM in
their microhabitats (epifaunal or infaunal). Tamelander et al.
(2006a) observed higher d13C-values in resuspended sediment
compared to suspended POM in the water column. This trend was
Fig. 3. Relationship between age (years) and size (shell length, mm) in the bivalves Mya truncata (a), Serripes groenlandicus (b), Hiatella arctica (c) and Chlamys islandica (d) with
superimposed von Bertalanffy growth curves, except for H. arctica, where age and size are not signiﬁcantly related. The coefﬁcient of determination (r2) is presented in the
corresponding ﬁgures.
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also observed for POM and sediment samples collected during the
same cruise (COPOL 2009), showing higher d13C-values in sediment
samples (<20&) compared to settling POM (>20&) (COPOL
project, unpubl. data). Accordingly, higher d13C in M. truncata can
be explained by a higher intake of resuspended sediment compared
to the other species. A higher sediment uptake byM. truncatamight
thus explain the consistently higher OC levels observed in this
species. Contaminant analysis of sediment samples collected
during the COPOL cruise 2009 showed PCB as dominant compound
absorbed to the sediment particles and revealed resuspended
sediments as another OC source for bivalves (COPOL project,
unpubl. data).
Furthermore, stable isotope analyses showed also different
d15N-values among the species, revealing a higher trophic level for
C. islandica compared to the other species. Chlamys islandica
inhabits strong current habitats and can ﬁlter particles with
a maximum size of 10e200 mm (Vahl, 1973). Accordingly, small
zooplankton and heterotrophic organisms of the microbial food
web can be ﬁltered in addition to phytoplankton, increasing the
d15N-value of the scallop. No correlation was found, however,
between the stable isotope results (d15N and d13C) and OC levels.
This indicates that the bivalve food does not explain the different
OC levels observed among the species in this study. This is in
contrast to the ﬁndings of Fisk et al. (2003), who observed
a correlation between OC levels and d13C-values. Despite the fact
that no correlation was found between the d13C-values and OC
levels, distinctly higher levels of OC in combination with higher
d13C-values in M. truncata compared to the other species indicate
a positive relationship between the bivalve’s food and their OC
levels. The quantity of food assimilated, however, may inﬂuence the
OC levels. Petersen et al. (2003) observed slightly higher ﬁltration
rates for M. truncata (27.4 ml min1 g1) than for H. arctica
(22.4 ml min1 g1), whichmight explain the higher OC level found
in M. truncata.
Size, age and lipid content did not explain differences in OC
concentration, indicating the absence of OC bioaccumulation in the





PCB) to the total concentration of OCs (
P
OC) in Mya truncata
(MT), Serripes groenlandicus (SG), Hiatella arctica (HA) and Chlamys islandica (CI),
displaying the respective proportion (%) above the bars. Samples from Kongsfjorden,
Liefdefjorden and Sjuøyane are included.
Fig. 5. Ordination diagram from principle component analysis (PCA) of logarithmically
transformed organochlorine compound (OC) concentrations. Arrow indicates the
individual OCs (black) and the continuous variable size (grey). Symbols represent the
average sample score identiﬁed by age (star), location (circle) and bivalve species
(triangle).
Fig. 6. Mean concentration (ng g1 lipid weight [lw]) of a-HCH (a),
P
CHLOR (b), andP
PCB (c) in Mya truncata (MT), Serripes groenlandicus (SG), Hiatella arctica (HA), and
Chlamys islandica (CI) from Kongsfjorden (KF; white box), Liefdefjorden (LF; light-grey
box) and Sjuøyane (SJ; dark-grey box). Median values (thick line), ﬁrst and third
quartiles (box) and range (whiskers) are depicted.
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bivalves. Although size-related differences in the uptake rate of PCB
have been shown for clams (Ferreira and Vale, 1998), our results did
not support these ﬁndings. For organisms of at lower trophic levels,
metabolism of organochlorines is assumed to play a minor role,
indicated by the close relationship between the bioconcentration
factor (BCF) and the log KOW factor (Borgå et al., 2002a, 2002b;
Porte and Albaiges, 1994). This implies that OC concentrations in
these organisms are in equilibrium with the water and food.
Furthermore, OC levels in organisms are strongly determined by
their lipid content, i.e. higher OC levels are expected in marine
invertebrates with higher lipid percentage (Fisk et al., 2003). This is
also in contrary to our results, where the highest OC levels were
found inM. truncata, which had the lowest lipid content among the
four species (Table 3).
4.3. Spatial trends
Our ﬁnding of higher OC levels in Kongsfjorden compared to
Liefdefjorden and also Sjuøyane for M. truncata conﬁrms previous
studies of bivalves (Angot, 2009) and zooplankton (Hallanger et al.,
2011c). OCs are mostly imported by atmospheric long-range
transport (Wania and Mackay, 1993) but also by oceanic currents
and Arctic sea ice (Pﬁrman et al., 1995). Most likely, the observed
differences are related to the different oceanographic regimes in
Kongsfjorden and Liefdefjorden-Sjuøyane, respectively. The latter
sites are dominated by Arctic water masses, where the former is
strongly inﬂuenced by Atlantic water masses advected from the
West Spitsbergen Current into the fjord (Cottier et al., 2005) and
thereby by OCs of North Atlantic origin. Hallanger et al. (2011c),
however, did not ﬁnd a clear difference in the OC levels of the
dissolved water phase between Kongsfjorden and Liefdefjorden.
They proposed differences in sea ice cover, onset of snow or glacial
melt and different algal bloom stages as causes for spatial OC
differences in zooplankton. Phytoplankton dynamics may also
explain the OC pattern found in our study, given that higher
primary production produces greater fraction of particle associated
OCs in surface waters (Hargrave et al., 2000) and enhanced vertical
ﬂux of OCs to the benthic community (Tanabe and Tatsukawa,
1983). The ice-free summer season is distinctly shorter in Liefdef-
jorden than in Kongsfjorden, and so is the primary production
period and subsequent vertical ﬂux of POM-associated OCs.
Signiﬁcantly higher d13C in bivalves from Kongsfjorden (20.5&)
than Liefdefjorden (21.2&) reveal a more 13C enriched food
source in Kongsfjorden, which was conﬁrmed by higher d13C-
values measured in POM from Kongsfjorden than Liefdefjorden
(COPOL project, unpubl. data). Differences in d13C levels in POM can
indicate different stages of phytoplankton blooms (Tamelander
et al., 2009), implying that higher d13C-values measured in
Kongsfjorden reﬂect the earlier spring bloom in this fjord.
Furthermore, higher ambient temperature leads to enhanced
metabolism in poikilotherm animals (Clarke, 1998) and thus to
higher ﬁltration and consumption rates (see Petersen et al., 2003
for data on M. truncata and H. arctica) which implies higher OC
uptake for bivalves inhabiting warmer (Kongsfjorden) compared to
colder water regimes (Liefdefjorden).
In conclusion, this study revealed that OC levels in bivalves
varied in relation to species and geographic location, but not with
to bivalve size and age. Species-speciﬁc differences, however,
highlight that OC assessment of Arctic macro-benthos should
include different taxonomic groups and species in order to obtain
an unbiased picture of contaminant levels. Although variation in
food source and quantity could partly explain the OC pattern found,
additional investigations are needed in order to understand the OC
dynamics in bivalves. Future studies should include OC analyses of
distinct food sources and quantify food intake. Although the spatial
OC differences found support previous ﬁndings for Svalbard,
further investigations of marine food webs in the Arctic are
required in order to understand the factors and mechanisms that
drive this spatial difference.
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